Abstract: At the conceptual stage of design, designers have only vague ideas of initial shapes that they gradually refine. A tool that supports conceptual design should capture such imprecise features but current CAD systems that are based on precise geometry and topology information cannot satisfy this requirement. The fuzzy set approach is particularly suitable for handling imprecise information by providing a set of solutions with different, user-specified preference degrees. We therefore choose this approach to address the imprecise design problem in a solid modelling system. Design data need to be stored in a database and accessed in later design process because of the iterative nature of design. This paper presents the representation, construction and display approaches for fuzzy shapes.
The applications of fuzzy sets in geometric modelling area are relatively new and most of existing work concentrates on fuzzy modelling of two-dimensional geometric objects [1, 4, 5, 16, 19] . We aim to investigate techniques for applying fuzzy logic theory into solid modelling systems to address the imprecise and tentative design process in conceptual design, hence, we introduced the concept of a fuzzy shape as a set of shapes that looks similar yet slightly different. A fuzzy component (fuzzy part or simple fuzzy shapes) is defined as a family of shapes which are represented by a set of parameters with fuzzy values. A fuzzy complex shape is the combination of any fuzzy parts under crisp or fuzzy spatial information through Boolean operations. A fuzzy shape is not an arbitrary group of shapes because different members in a fuzzy set have similarities to some extent under certain criteria and the differences between members are measurable. A fuzzy set of shapes can be considered as a single entity described by their similarities. For example, the term very sharp shape with squarish traverse section potentially refers to a set of shapes from an object that looks like a pyramid to an exact pyramid ( Fig. 1(a) ). Shape alternatives that belong to the same fuzzy set and are close in preference are nearby shapes. The fuzzy sets of shapes need to be connected so that nearby shapes are grouped into one set.
In previous papers, we have investigated the representation, specification, optimisation and management approaches of fuzzy components [17, 25, 26] . We have constructed a fuzzy shape specification system to bridge the gap between fuzzy shape perception and exact geometrical modelling based on superquadric model [17] , where each shape is described by a set of fuzzy shape descriptors and modelled by a set of parameters. A fuzzy database for fuzzy components storage and retrieval has been constructed [24, 25] and a fuzzy genetic algorithm for fuzzy component optimisation has also been implemented [26] .
Since the geometric coverage of shape components based on a geometric representation is very limited, more complex shapes are usually generated by combining simple shapes through transformation (including translation, rotation, and scaling) and Boolean operations (intersection, union, difference) [12] . This paper focuses on the construction of fuzzy complex shapes based on descriptive terms that are related to shape, spatial location and orientation, and the indexing and retrieving of fuzzy complex shapes in a fuzzy database. This paper is organised as follows. Section 2 describes the geometric representation of fuzzy complex shapes. The construction of fuzzy complex shapes based on Boolean operations is discussed in section 3. Section 4 gives an overview of the conceptual modelling of the fuzzy database for the management of fuzzy complex shape. Section 5 discusses the indexing and retrieving of fuzzy complex shapes in a fuzzy database implemented in the framework of object relational database. Finally, the conclusions and future work are presented in the last section.
system. Superquadric 3D models proposed by Barr [2] use several shape parameters to quantitatively define a shape, yet each shape parameter is directly related to one quality of the shape such as squareness/roundness and size. Hence superquadrics is both quantitative and qualitative. Such a property makes superquadrics the ideal candidate for bridging qualitative conceptual shape design at early stage and quantitative detail design at later stage. It also makes it possible to introduce fuzzy set approach into CAD system where fuzzy sets are used to represent design intents. These intents are expressed by descriptive terms which are then mapped to shape parameters to construct solid shapes. We therefore choose superquadrics as the basic representation for 3D shape components, where a shape is represented by a set of shape descriptors and a set of shape parameters. The descriptors are the semantic features of a shape such as roundness or squareness and the parameters are the geometric components used to define a shape geometrically. A set of shape descriptors are mapped to a set of fuzzy shape parameters through a fuzzy shape specification system which is composed of a set of predefined rules and a fuzzy inference engine [17] .
Representation of fuzzy primitives
Fuzzy primitives (or fuzzy shape components, simple shapes) refer to fuzzy shapes that can be represented by superquadrics directly. The detailed parameters and equations of superquadrics can be found in [2, 3, 17] and here we give only an abstract representation:
Where SQ is a superquadric shape, F is the function relating all these parameters; 1 and 2 are shape parameters which control the shape roundness and squareness along north-south direction and west-east direction respectively; a 1 is the overall size; a 2 and a 3 are ratio parameters which represent the ratio of the lengths of a shape along y and z axes to the length along x axis, and a 2 and a 3 control the relative dimension of the two cross sections of a superquadric shape; k x and k y control the tapering property; k v controls the bending property; and t controls the twisting property. This representation is deformable superquadrics and we still call them superquadrics for simplicity. When these parameters take fuzzy values, the resultant shape is a fuzzy shape which has many shape elements with variable membership degrees. Fig. 1b shows a slightly bent fuzzy superquaic shape with round traverse section, where the membership degrees vary from 1.0 to 0.6. To sum up, a fuzzy shape component can be represented by a set of shape definition parameters that take fuzzy sets as values, in particular, fuzzy real numbers. The overall size of a fuzzy component is also a fuzzy real number.
The fuzzy shape representation based on superquadrics can only represent shapes that are within the geometric coverage of superquadrics. Although the superquadric model has relatively wide geometric coverage, its representation ability is still limited since it uses only one equation to represent shapes. Hence, a mechanism for creating complex shapes must be provided. In a conventional CAD system, complex shapes can generally be created through combining simple shapes using Boolean operations. This constructive approach, called Constructive Solid Geometry (CSG), has been successfully used in CAD systems for many years. Therefore we use this approach to generate complex fuzzy shapes. The construction process of fuzzy complex shapes is conceptually the same as that in a conventional Solid Modelling (SM) system. The only difference between our approach and a conventional CSG model is that the shape components and the spatial information for locating them are fuzzy in order to cater for the imprecise conceptual design and Boolean operations change accordingly. The representation of fuzzy shape components has been discussed above and we now present the representation of fuzzy complex shapes and issues related to their construction, including the representation of fuzzy spatial information and Boolean operations on fuzzy shapes.
Representation of fuzzy spatial information
A complex shape consists of three parts: shape components and their spatial information as well as the operations exerted on these shape components. The generation of a complex shape relies on the correct locating of shape components.
To support vague conceptual design, an effective method for specifying and reasoning of spatial relationship between objects is crucial to efficiently construct assemblies. Spatial information such as distance and orientation can be crisp, interval or fuzzy. We focus on the specification of spatial information using fuzzy sets because crisp and interval spatial information are special cases of fuzzy spatial information.
Fuzzy solid modelling is an approach to model solid shapes using a descriptive language based on fuzzy logic. The design of a fuzzy solid modelling system consists of two parts: structure design which partitions the design space and parameter design which decides the numerical values of all fuzzy sets. Hence, to represent spatial information using fuzzy sets, we first define a set of words and then define fuzzy quantities associated with them. The eight directions in the horizontal plane (XZ) can be represented by a uniform circular neighbouring structure [8] .
Fuzzy representation of directions
Following the work of Papadias [14] , we use the trapezoidal and triangular shape of membership functions to represent the fuzzy set values of directions as they are easy to manage and can represent fuzzy quantities. As the directions in each plane vary between 0º and 360º (degree), the value range is fixed for any directions. We use 0º to 360º degree (beta angle) in XZ plane and 0º to 180º in YZ plane (gamma angle) ( Fig. 2 ) to describe directions because the product of these two value ranges covers all directions in the three dimensional Euclidean space. Hence, we can equally partition the direction space into overlapped fuzzy set regions, where the number of fuzzy sets are determined by the number of directions we aim to describe. We take eight directions in XZ plane and four directions in YZ plane as these are the mostly used directions in daily life.
Fuzzy representation of distances
Shape components can be located by explicitly specifying an absolute or relative position, including orientation and distance or by implicitly specifying the relative relations with other objects. In the latter case, the explicit position can be derived from the specified constraints through constraint-based reasoning. Here, we focus on the direct specification of positions and complex objects are composed through transformations and Boolean operations on their components.
We assume all shape elements in a fuzzy set has the same centre location and the reference frame originated from this centre location is their local reference system. The location of a fuzzy object is defined according to its reference point. It can be specified absolutely within a fixed reference frame or relatively according to an existing object in the system.
Relative position can be converted to absolute position by transformation from the relative reference frame (local Although distance can be specified linguistically such as very close or extremely far, the domain of distance can hardly be fixed, hence it is very difficult to construct fuzzy sets for each word related to distance description. We therefore seek for the representation of fuzzy distance using fuzzy numbers, where each number is a fuzzy triangular norm.
Since the orientations and distances are specified using fuzzy sets, the transformation matrix is also a fuzzy set. Take the translation transformation matrix for example. Assume that we move an object right about 3 units, up about 2 units, and forward about 4 units, then the transformation of the object will be: 
Representation of fuzzy complex shape
In superquadrics-based geometric representation, a shape component is represented by an equation defined by a set of shape parameters that have fuzzy set as values. A complex shape is the combination result of many shape components through Boolean operations. After a Boolean operation, the resultant shape becomes another shape component and can be submitted to further Boolean operations. This model is based on the concept of half-space determined by the definition equation and corresponding parameters as well as CSG trees. A half-space, which is characterised by a definition function f(X) of an object , separates a whole space into two parts defined by f(X)>=0 and f(X) < 0, namely in and out for closed halfspaces or left and right for open half-spaces. A CSG tree is used to represent the construction process and the structure of a complex shape. Since the CSG model can be easily described in simple and concise text language, it naturally supports the top-down design process. This scheme is useful when objects are constructed from a small number of different types of primitives because the number of algorithms for handling different combinations of primitives increases exponentially.
Since a superquadric model uses only one type of primitives, it is suitable to use CSG to construct complex objects.
However, since superquadrics are higher order model, there are no simple analytic methods to perform the intersection calculation. We therefore use a hybrid model, which involves the usage of a conventional CSG tree representation of the object structure and an exhaustive space enumeration approach for Boolean set operation and boundary evaluation. Each shape component is represented by an analytic equation and each complex shape is a Boolean combination of two or more shape components. In the CSG tree, each leaf node is a superquadric shape components along with its transformation matrix while each branch node is a Boolean set operation, including union (+), intersection (*), and subtraction (-) (Fig. 3) .
Superquadric shapes are defined by only one half-space which is the uniformed representation of all generally used, closedformed half-spaces. The CSG tree and the analytic representations are mapped to regular, exhaustive enumeration of space, where a space is discretised by a set of uniformly distributed cubes which are non-overlapping and have the same size and orientation.
Construction of fuzzy complex shapes
A complex solid can be constructed using a graph model such as B-Rep or a Boolean model such as CSG [13] . Since a superquadric model has no explicit representation of vertices and edges, we use Boolean operations to compose complex objects from simple components. A Boolean model is a procedural model because the resultant shape depends on the construction order. Once we know the size, position and orientation of two objects that have the same dimension (e.g. either 2D or 3D), we can perform Boolean operations on them. In CSG models, Boolean set operations are essentially the point set membership classification problem (or boundary classification) which determines if a given point in or out of a given solid [12, 13] . The point set classification consists of two parts: the point set classification against each primitive in the CSG model and the combination of all classification results. If a primitive is composed of many half spaces, the point set classification against a primitive includes the classification against each half space and the final recombination. Since a superquadric primitive has only one half space, the point set classification is conceptually easier than other types of half spaces. Similar to a conventional solid modelling system where crisp complex shapes are constructed using Boolean operations, fuzzy complex shapes are also composed of simple fuzzy shapes through Boolean operations. Hence, we discuss the Boolean set operations of crisp superquadric shapes first, then move to the discussion of Boolean operations on fuzzy shapes.
Boolean operations of crisp superquadric shapes
The properties of three-dimensional (3D) objects are characterised on the basis of point-set topology. Each solid is a bounded, closed, regular subset of the 3D Euclidean space. Complex point sets are the combinations of many simple point sets. In conventional geometric modelling, we use a function ) ( X g A to map the relation of a point X and a solid object A to the two-value set {0, 1}:
, X belongs to A (in or on) otherwise X is out of A. This half-space approach has been successfully used in other CSG models [13] . Since superquadrics uses only one analytic equation to define whether a point belongs to an object, it is also a kind of half-space modelling approach. Hence, we can apply the point set classification approaches for other CSG models to superquadric models. Since superquadrics are higher-order analytic representation of geometric shapes, the calculation of the intersection points of two superquadric shapes cannot be based on the analytic calculation of two surfaces. Instead, they can only be obtained by numeric methods which discretise a solid into many units of basic shapes such as cubes. We therefore convert the superquadric shape representation to regular, exhaustive space enumeration where the interested space is partitioned into equal interval distance along x, y, and z directions. Boolean operations are then performed based on the point-set classification of all points in the space against each superquadric shape.
The algorithm for Boolean operations of two crisp superquadric shapes based on space enumeration and point set membership classification is as follows: first, specify fuzzy shape components and corresponding spatial information, then This hybrid model based on CSG and space enumeration uses pure half-space concept for Boolean operations. The exhaustive enumeration approach is simple, general, but needs huge memory consumption and is only approximate. We employ this model for testing the methods for performing Boolean operations on fuzzy objects which will be discussed in the next subsection. The union and difference operations of two crisp shapes, a rectangular prism and a double pyramid, are calculated using this model (Fig. 4) .
Boolean operations of fuzzy superquadric shapes
A fuzzy superquadric shape is a set of crisp shapes controlled by fuzzy shape parameters (Fig. 1) . The characteristic of a fuzzy shape is that the boundary is not a crisp boundary but a boundary zone. Hence, the point set membership classification for Boolean operation cannot be performed directly using the conventional approach based on crisp halfspace. We may generalise the function for point set membership classification from two-value set to fuzzy set and classify all points in the interested space against two fuzzy shapes. Then set operations on fuzzy shapes can be performed based on the extension principle using min/max operations [23] . This approach may involve a complex procedure for ensuring the validity of the resultant fuzzy shape, i.e, to make sure the resultant shape closed and bounded. Hence, we use an alternative approach based on the family of alpha-cuts representation of fuzzy sets and the interval principles [9] . The family of alpha-cuts of a fuzzy set (Fig. 5(b) ), which are fuzzy subsets with the membership grades of all elements equal to or greater than the value alpha, can uniquely represent a fuzzy set [10] . Hence, a fuzzy shape, which is a fuzzy set of shape elements with variable membership degrees, can also be represented typically by its boundary shape elements in all alphalevels. For example, a fuzzy circle with fixed centre location and fuzzy radius, can be represented by its lower and upper boundary circles at one alpha level (Fig. 6(a) ). We use the word "alpha-cut" and the letter -cut interchangeably for convenience. The Boolean operations of two fuzzy shapes can therefore be mapped to the Boolean operations of the boundary shapes at each alpha-level. Using this approach, the set operations of fuzzy shapes are mapped to traditional Boolean operations of crisp objects and we do not need to develop new and complex validation checking method.
In the domain of fuzzy arithmetic, the two approaches based on the extension principle and the interval principle achieve the same results [9] . We now use the intersection of two fuzzy sets to show that fuzzy set operations based on the extension principle and the interval principle also achieve the same result (Fig. 5) . According to the extension principle, the membership degree of a point in the intersection of two fuzzy sets is the minimum of the membership degrees of the two fuzzy sets at the same position. The universe of discourse is discretised into equal intervals (denoted by the vertical lines) and the membership degrees of all discrete points are calculated using the min method ( Fig. 5(a) ). Now, we calculate the intersection of the two fuzzy sets based on the interval principle. We first map the two fuzzy sets into representations of a predefined family of alpha-cuts with each level characterized by two end points. We use only three levels of alpha cuts, = {0, 0.5, 1} for simplicity. According to the interval principle, the intersection of the two intervals at each alpha level is an interval which is characterised by the maximum of the lower bounds and the minimum of the upper bounds of the original two intervals (Fig. 5(b) ). We can observe that these two methods achieve the same results in the intersection operation of two real number fuzzy sets. Similarly, the Boolean operations of fuzzy geometry should obtain the same results since each fuzzy shape is simply the spatial occupancy defined by a set of fuzzy numbers.
The basic idea for set operations on fuzzy objects is to use the family of alpha-cuts of fuzzy sets to map fuzzy evaluation to interval evaluation and then map the interval evaluation to crisp value evaluation. Similar to the family of alpha-cuts representation of a real number fuzzy set, each fuzzy shape is mapped to a family of alpha-cuts where each alpha level includes an interval of crisp shapes. For each alpha level, only the boundary shapes are calculated and used for set operations. The resultant fuzzy shape is all shape elements between these boundary shapes at each alpha level. 
where P i is the fuzzy value of parameter p i . The membership degree of a crisp shape to a fuzzy set (shape) is the minimum of its membership degrees of all its parameters to the corresponding fuzzy values. 
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According to the interval arithmetic principle and the family of alpha-cuts representation of fuzzy sets, the set operations of the two fuzzy shapes A and B, denoted by A B, can be represented as:
Replacing each interval using their two end points, we can derive the following equation for calculating the interval of A B: (Fig. 6(a) ). The resultant fuzzy shape of the intersection operation on these two fuzzy shapes is bounded by four crisp shapes: A L B L , A L B U , A U B U (Fig. 6(b) ), and A U B L (Fig. 6(c) ). The resultant shapes, A U B U and A L B L , are selected as the boundary shapes for the intersection of the two fuzzy shapes at the corresponding alpha level because they have the minimum and maximum areas.
Conceptual model of the fuzzy shape database
An SM database is used to symbolically represent the modelled solid objects, maintain data consistency, allow users to navigate through objects and support retrieval under query. An SM system generally contains the geometry and topology information of modelled objects to which all other information refers. Geometric information includes the shape, size, and location of geometric elements and topological information provides the relationship between these geometric elements. A modern CAD database also contains a large amount of non-geometric information such as text comments, material properties, and/or modification history etc. Such information can be handled using standard database methods and will not be discussed here. We focus on the management of geometric and topological information.
The characteristics of an SM database depend on the representation scheme of an SM and its algorithms. In our system, a fuzzy shape component is represented by a set of linguistic descriptors and a set of parameters with fuzzy values.
A complex shape (or an assembly) consists of shape components and subassemblies which are the combination of a group of components and/or other subassemblies. The order and the way in which shape components and/or subassemblies are assembled is modelled in a CSG tree (Fig. 3) , where leaf nodes represent primitives and branch nodes represent Boolean operations. The transformation matrix of a component is associated to nodes. A CSG tree can be stored in different levels where leaf nodes and sub-trees can be used many times. The data in a CAD system must be checked constantly for correctness and consistency. Hence, all the information during construction should be stored in the database so that when shape components change, the assembly will change accordingly.
We use the CSG model as the main modeller and the regular space enumeration model as the secondary modeller to support fuzzy shape design. The CSG model supports concise, high-level, top-down design while the space enumeration model facilitates Boolean operations and the calculations of geometric properties. The CSG model is internally converted into space enumeration. These two models coexist to avoid the conversion effort and support quick display. When the CSG model changes, the corresponding space enumeration model should be upgraded associatively. We focus on shapes that were created by a set of Boolean operations on a set of predefined fuzzy shape components according to explicitly specified fuzzy spatial information. As the dataset for the space enumeration model is very large, it is calculated after the construction process and only the dataset for the resultant shape is stored. The intermediate volumetric model during the construction process are created, used and then discarded.
As assemblies in an SM system take hierarchical data structures, early SM databases use hierarchical data model.
However, hierarchical models are constrained because one child can have only one parent. If a part is utilised many times in the construction of a complex object, multiple copies of the part are required. Network databases permit many-to-many relationships but they are not popular for technical reasons. Relational database management systems (RDBMS), which use tables as basic units, are very popular because of their simple structure, quick response time, and firm foundation on relational mathematics. Hence, many existing SM systems have interfaces to one or more RDBMS such as ORACLE [11] .
As a RDBMS uses flat tables to represent data, it meets difficulties in handling large assemblies because of the complex semantics associated with 3D models and complex nested entities. Unlike relational databases, which store only data, object-oriented database management systems (OODBMS) save both data and methods that process the corresponding data.
An OODBMS, which is a collection of data and methods, can capture the complex semantics and structures, but it has no firm theory foundation and no easy-to-use query language. Object relational database system (ORDBMS), a hybrid of RDBMS and OODBMS, can handle complex data and still can use the knowledge and experience obtained from RDBMS [6] . As the representation of fuzzy shapes involves complex data such as fuzzy sets, we chose the ORDBMS to construct our shape database and developed a fuzzy processing module for handling fuzzy values. We call this shape database a fuzzy database because the attribute values are fuzzy. The basic structure of an assembly database, including the entities and attributes as well as relationships between tables are shown in Fig. 7 . The Descriptors, Parameters, and Transformation matrix take complex array structure and have fuzzy values. A fuzzy set is also an object with data and methods for processing the data.
Indexing and query of fuzzy shapes
A smart CAD database allows the attachment of attributes to a solid object and uses these attributes to retrieve objects for different purposes. Indexing is the task aimed at finding a set of attributes which can identify an entity instant in a relation. In the fuzzy shape database, every shape has a unique, system-generated identification code and is employed as the primary key to support quick searching. Database users often want to retrieve data based on one or more values which are not the primary key. Hence, secondary keys need to be specified to index shapes for different searching purposes. In a conventional CAD system, the combination of shape name and version is employed as an alternative index. Hence, we also provide this index to conform to the general systems. As conventional CAD systems are based on exact geometric information, qualitative information is not readily available. Therefore, higher-level semantic shape searching is almost impossible. However, in the fuzzy solid modelling system, since fuzzy shape components is specified using a set of linguistic words such as very round or extremely bent, this set of shape descriptors can be used to index shape and support semantic-based shape query and retrieval. Since there are many commonly used shape descriptors and not all of them can be used to index shape, we select a set of primary shape descriptors to index shape components. Other commonly used shape descriptors are mapped to a combination of the primary shape descriptors through a translator. We derive a set of descriptors from the characteristics of superquadrics, including squarness, roundness, bevelness, pinchness, bendness, taperness, and twistness, to index shape components. More information about the indexing and retrieval of shape components can be found in [24, 25] . In a conventional database, the data item is self-indexed. For example, the query "find people whose salary is over $2000" can always find the satisfied people provided that there are suitable tuples in a database. Hence, users just need to specify attributes for indexing and do not need specify a special measure to calculate the index. However, in a fuzzy database, an attribute may take a fuzzy value and it cannot index itself because a fuzzy set is a range value with different membership degrees. Hence, a measure determining whether a fuzzy datum satisfy a fuzzy condition must be defined. We use the similarity measure which is the minimum ratio of the cardinal (area) of the intersection of two fuzzy sets to their own cardinals. Once we define this measure, we can perform a fuzzy query such as "find a slightly bent shape" from a set of shapes having the attribute bendness and taking fuzzy values. If the attribute value is crisp, the similarity measure degenerates to the membership degree to which the crisp value belongs to the condition fuzzy set.
A complex shape is the result of Boolean combinations over fuzzy shape components but the properties of the original components may be eliminated after Boolean operations. Therefore, we cannot query a complex shape by descriptors directly if no further actions such as feature extraction are taken. However, a complex shape is always maintained by a CSG tree, a set of components and their corresponding transformation matrices. So, we can query a complex shape according to its construction process. Although the same object may have many different construction processes and hence have many different CSG models, one CSG model corresponds to only one solid shape. In addition, experienced designers tend to use a set of rules (experiences) to guide the construction process, hence, for the same complex shape, different designers will have the same construction process in many cases. The support of CSG-based query is therefore desirable. CSG model is concise and can be represented using text such as "C = A+B". Such a property along with the linguistic description of shape components and spatial information make it possible to formulate a query using words. For example, the query "find a shape which is the union of a very bent cylinder and a very sharp pyramid" can be performed.
The CSG-based searching is essentially a graph matching problem. Graph matching techniques, such as the Labelled Graph Matching (LGM) which finds the optimal correspondence between two graphs [21] or the Largest Common Subgraph detection (LCSG) which finds the largest collection of objects with the same relationship in both images [22] , have been applied mostly to image processing area. As the CSG tree representation of a complex shape is also a graph, these techniques cal also be used to support structure-based object searching. To support the graph matching in an SM database, we first translate the text-based query into a CSG tree, then we move the transformation matrix from the node to the edge that links a leaf node to a branch node and save this labelled graph in an adjacency matrix. All CSG trees in the database are also transformed in the same way. Then we can use the approach proposed by Shearer et al [22] to find the largest common subgraph of the condition CSG and a datum CSG. As the shape component and the transformation matrices contain fuzzy data, this matching process will also use the similarity measure of fuzzy sets to calculate the similarity of two CSG trees. The detailed equation for calculating the similarity of two graph without fuzzy data can be found in [22] . The similarity calculation of two CSG trees with fuzzy shape components and fuzzy transformation matrices needs to calculate the similarity of two fuzzy shapes or two fuzzy numbers and corresponding algorithms can be found in [24, 25] . This CSG-based index can find complex shapes according to their construction process, spatial information and shape components. The similarity calculation of two CSG graphs can also be weighted and the weightings of these three factors can be predefined.
An intelligent query interface should minimise the number of concepts the user has to know to access a database, be consistent with the manner of human thinking, and provide as much freedom in formulating a query as possible. A query interface which supports flexible, uncertain understanding can better grasp a designer's thinking and will be easier to be accepted. Hence, the CSG-based shape indexing and the natural language-based query will be very helpful and complementary to the conventional indexing and query approaches.
Conclusions and future work
Aiming to capture the imprecise characteristics of conceptual design, this paper investigates techniques for the representation and construction of fuzzy complex shapes in a solid modelling system and their indexing and retrieval in a fuzzy database. We develop the representation of fuzzy components, fuzzy orientation, fuzzy distance, and set operations of fuzzy components for constructing fuzzy complex shapes. Fuzzy simple shapes are represented by superquadrics with fuzzy parameter values. Fuzzy orientation is represented by fuzzy quantities through partitioning the spherical orientation space into a number of fuzzy zones and triangular fuzzy numbers are employed to represent fuzzy distances. The construction process of complex shapes is similar to that in a conventional CSG-based SM system, hence a complex fuzzy shape is also represented by a CSG tree. The evaluation of the CSG model for fuzzy complex shapes are based on set operations of two fuzzy components. Each fuzzy component is mapped to a family of alpha-cuts which are represented by two boundary shapes at each alpha level. The set operations of two fuzzy complex shapes are mapped to the set operations of these boundary shapes at each alpha level and the resultant fuzzy shape is all shape elements between these boundary shapes. To cater for effective management of fuzzy shapes and make use of existing database techniques, fuzzy shapes are stored in a fuzzy database which is implemented within the framework of object relational database with the incorporation of a fuzzy processing module. In addition to the conventional shape indexing approaches, a CSG-based indexing and retrieval technique is introduced to support shape retrieval based on shape structure.
To sum up, the fuzzy representation of shapes, distance, and orientation as well as the set operations on fuzzy complex shapes make it possible for a CAD system to handle imprecise information. The fuzzy database model makes it possible to efficiently and consistently manage fuzzy shapes. However, fuzzy computation is time consuming because of the higher order of superquadric model and the large amount of data processing for fuzzy sets.
The construction of fuzzy complex shapes based on the family of alpha-cuts approach has been tested in a prototype system developed in MATLAB. A prototype system for the management of fuzzy components has been constructed based on ACCESS. Hence, future work includes extending the fuzzy database to cater for the management of fuzzy complex shapes, refining and optimising the proposed approach and investigating new approaches for fuzzy shape design and management.
